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Abstract Time reverse modeling (TRM) is suc-
cessfully applied to localize acoustic emissions (AE)
obtained from a physical experiment (double punch
test) on a 118 × 120 × 160 mm concrete cuboid. Pre-
viously, feasibility studies using numerical (Ricker
wavelet) and experimental (pencil-lead break) excita-
tions are performed to demonstrate the applicability of
TRM to real AE waveforms. Numerical simulations
are performed assuming an uncracked and heteroge-
neous concrete model. The localization results from
the numerical and experimental feasibility studies are
compared and verified. The AE recorded during the
double punch test are localized in a three-dimensional
domain using TRM. The localization results are super-
posed with the three-dimensional threshold-segmented
crack patterns obtained from X-ray computed tomogra-
phy scans of the failed concrete cuboid. The presented
TRM approach represents a reliable localization tool
for signal-based AE analysis.
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1 Introduction
The numerical simulation of elastic wave propaga-
tion is a powerful method for visualizing the elastic
energy flow and distribution in infinite and semi-infi-
nite continua. A possible application in the area of non-
destructive concrete testing is the numerical modeling
of acoustic emission (AE). AE is defined as a spontane-
ous release of strain energy caused by irreversible pro-
cesses such as cracking or internal friction, which result
in elastic waves propagating in a structure. The emit-
ted waves are recorded as normal displacements on the
specimens’ surfaces using piezoelectric sensors. They
are converted to voltage signals, which are referred to
as acoustic emission [see for example Grosse and Ohtsu
(2008)].
There are two core areas in acoustic emission anal-
ysis: parameter-based and signal-based techniques. In
the parameter-based techniques certain parameters are
sought to find in the AE wave packets. Some essen-
tial parameters are hits, amplitude and wave energy.
Their occurrence and accumulated trends are of par-
ticular interest for qualitative AE analysis (Kocur and
Vogel 2010). In signal-based AE techniques the com-
plete waveform is considered. A common application
is the determination (picking) of the arrival (onset) time
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of the P-wave motion. Together with a homogeneous
velocity model, the respective three-dimensional AE
source coordinates can be calculated using a localiza-
tion algorithm (Kurz et al. 2005). The method consid-
ered to be the most reliable is presented by Schechinger
and Vogel (2007). In this method, AE sources are local-
ized based on iteratively calculated onset times and a
heterogeneous velocity model. Due to the overdeter-
mined system of linear equations, additional error esti-
mations can be performed as well.
Fink et al. (2000) presented an alternative approach,
the so-called time reverse modeling (TRM), in which
the time-reversals of ultrasonic fields are used to focus
on sources through an inhomogeneous medium. An
array of sensors capable of emitting and transmitting
pressure fields is used as a time-reversal mirror. The
emitted pressure field is time-reversed and re-emit-
ted. The resulting dominant concentration of the wave-
field represents the position of its origin. Steiner et al.
(2008) applied TRM in the area of exploration geophys-
ics, where this technique is used to localize hydrocar-
bon reservoirs. Presently, the TRM approach is being
adopted in the field of non-destructive testing (Saenger
et al. 2011) and applied to concrete. Numerical stud-
ies have been performed to localize AE-like sources
in a heterogeneous concrete model. The results pro-
vide valuable information that is applied in the present
research.
In the present study, AE waveforms obtained from a
double punch test on a concrete specimen (120×118×
160 mm) are used to numerically simulate elastic wave
propagation. To verify the accuracy of TRM, numeri-
cal tests are carried out, for excitation sources that are
either obtained numerically or experimentally. TRM
uses numerical algorithms for elastic wave propaga-
tion in combination with an imaging condition. Elastic
waves emitted from a real AE source such as a pencil-
lead break are recorded by piezoelectric sensors on the
specimens’ surfaces. Alternatively, a synthetic excita-
tion source generated numerically and the correspond-
ing calculated displacements at the original sensor
positions can be used. The effective elastic proper-
ties such as the compression and shear wave velocities
are calculated assuming a heterogeneous medium. The
medium is represented by a numerical concrete model
(NCM) with concrete constituents randomly distrib-
uted in space, as outlined in Schubert and Schechinger
(2002). The resulting effective velocity distribution is
a major part of the model used in TRM. The time
reverse computation is carried out for both the mea-
sured AE waveforms and the numerically computed
displacements. In both cases, active sources at the orig-
inal sensor positions send the complete waves back in
time using the previously determined velocity model.
The induced wavefronts propagate and subsequently
concentrate on the source location.
2 Physical experiment
2.1 Preliminary considerations
For the physical experiment, the test setup of the classic
double punch test according to Chen (1970) is adopted.
Because the sensors can be mounted more easily on a
plane surface, a cuboid is used instead of a cylinder.
Originally, the test was developed for determining the
concrete tensile strength fct , which can be approxi-
mated by the formula Fu/[π(1.2bh−p2)]; more details
can be found in Chen (1970) and Marti (1989). A con-
crete cylinder of height h (160 mm) and diameter 2b
(120 mm) is compressed by two steel punches of diam-
eter 2p (30 mm), located concentrically on its top and
bottom surfaces (see dotted line in Fig. 1a). When the
ultimate load Fu (106.4 kN) is reached the cylinder
splits radially. Sliding takes place at the cone surfaces
while separation occurs at the radial crack surfaces
between the outer segments (see dashed line in Fig. 1b).
The greatest amount of fracture energy is released due
to the separation failure. The predictable crack pattern
that develops is used in this paper to check the accuracy
of the TRM localization procedure.
2.2 Experimental setup
A 120×118×160 mm cuboid is compressed to failure
by two 30 mm diameter steel punches. Acoustic emis-
sions are recorded by 8 piezoelectric sensors which
are arranged irregularly on the specimens’ surfaces at
the coordinates shown in Table 1. The piezoelectric
sensors are clamped to the surfaces. A thin layer of
grease is applied to the sensors to ensure ideal coupling.
Before measurement of AE, the sensors are relatively
calibrated with pencil-lead breaks. A commercial AE
recording system (AMSY5, Vallen-Systeme) with tran-
sient piezoelectric sensors (KSB250, Ziegler Instru-
ments), sensitive to a bandwidth of 50–250 kHz, is
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(a) (b) (c)
Fig. 1 Setup of a double punch test carried out on a cuboid
(a), schematic illustration of the failure mechanism according to
Chen (1970) (b), superposition of the projected X-ray computed
tomography (CT) images and the threshold-segmented separat-
ing crack after failure (c). The approximate size of the cuboid is
120 × 118 × 160 mm (x × z × y)
Table 1 Coordinates of the sensor positions on the concrete
cuboid
Sensor x (mm) y (mm) z (mm)
# 1 25 160 30
# 2 30 95 0
# 3 100 20 0
# 4 120 135 30
# 5 120 30 90
# 6 100 100 118
# 7 30 25 118
# 8 0 40 35
used. The sensors dominantly respond to wave motion
normal to the surface. The signals are preamplified
(AEP4, Vallen Systeme) with a gain of 40 dB. Dur-
ing the entire loading history, complete waveforms are
recorded for a duration t = 409.6 µs and with a sam-
pling frequency fs = 10 MHz. The load is applied
in displacement-controlled increments of 0.004 mm/s
until separation failure is reached. The corresponding
load-deformation curve can be seen in Fig. 2. After
loading and the AE measurements, the failed cuboid
is stabilized and scanned with X-rays to determine
the inner crack pattern. For AE analysis, four AE
sets (TR_75, TR_82, TR_84 and TR_180) are used,
selected in view of a low noise-to-amplitude ratio. The
AE sets TR_75-84 occur consecutively at a load level
between 48.3 and 51.2 kN, whereas TR_180 occurs at
a load of 63.3 kN. No correlation between the selected
AE sets and the decays in the load can be observed in
Fig. 2.
Absolute deformation [mm]
Lo
a
d 
[k
N]
Fu =106.4 kN
TR 75
TR 82
TR 84
TR 180
Fig. 2 Load-deformation curve of the double punch test with
the four selected AE sets marked
2.3 X-ray computed tomography scan of the
specimen after failure
The X-ray computed tomography (CT) scans are car-
ried out with a Dual-Source CT scanner provided by
the Institute of Diagnostic Radiology of the Univer-
sity of Zurich. The X-ray CT parameters used for the
scans are 140 kV and 350 mAs providing a voxel size
of 254 µm3 (6.3 × 6.3 × 6.3 µm). From the X-ray CT
scanner a sequence of X-ray slice data is obtained and
post-processed (threshold-segmented). During the seg-
mentation process, the crack volume is separated using
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Fig. 3 Flow chart showing the intermediate steps of the TRM
procedure for concrete
a lower and upper threshold limit of the mean radio-
density of air [−1,024;745], specified on the so-called
Hounsfield scale in Hounsfield units (HU). Details of
the post-processing procedure can be found in Kocur
et al. (2010) for similar specimens. The separating
crack, which splits the concrete specimen into two
parts, can be seen in Fig. 1c.
3 Time reverse modeling in concrete
3.1 Principle
TRM is based on ultrasonic wavefields that are reversed
in time and re-emitted numerically into the specimen,
where they concentrate on the location of the original
source (Fink et al. 2000). The procedure consists of
two steps: the forward procedure and inverse simula-
tion including imaging (see Fig. 3). The forward proce-
dure provides the input signal, either numerically, with
full control of its origin, or experimentally, obtained
for example from acoustic emission measurements. In
the numerical forward simulation, a time dependent
excitation is applied at a spatial point in the model.
Displacements at sensor positions at the model’s
boundaries are calculated over time. Dealing with a
complex and strongly heterogeneous material such as
concrete, a representative numerical model needs to
be established as a basis for further numerical simu-
lations. In physical experiments such as the punching
test, concrete cracking releases stored strain energy,
and the associated elastic waves propagate through the
medium. The resulting time-dependent displacements
at the sensor positions, determined either numerically
or experimentally, serve as input signals for subsequent
TRM simulations. A feasibility study on a two-dimen-
sional concrete model in Saenger et al. (2011) dem-
onstrates that a few boundary points, equivalent to 12
sensors, are sufficient to achieve good results in the
localization of purely numerical excitations.
3.2 Forward simulation in concrete
3.2.1 Elastic wave propagation
The spatial domain of interest is denoted by Ω with the
positions x ∈ Ω . The time t is defined in [0; T ] with
end time T . The displacement field ui = u(x, t) ∈ R3
fulfills the wave equations for the linear-elastic contin-
uum
ρui,t t = σi j, j + fi in Ω × [0; T ] (1)
whereρ = ρ(x) denotes a space-dependent density and
fi = f(x, t) denotes a space- and time-dependent body
force. The summation convention is implied. Apply-
ing Hooke’s law σi j = Ci jklεkl , where σi j and εi j are
the stress and strain tensors, respectively, and Ci jkl is a
fourth-order elastic tensor, Eq. (1) can be expanded to
ρui,t t = (λ + μ)uk,ki + μui,kk + fi = σi j, j + fi
(2)
and written in vector notation
ρu¨ = (λ + μ)∇∇ · u + μ∇2u + f = ∇ · σ + f (3)
with Lame´’s constants λ and μ (Achenbach 1973). The
Lame´ constants λ and μ are connected to the P-wave
velocity cp = √(λ + 2μ)/ρ and S-wave velocity
cs = √μ/ρ. Equation (2) is used in the forward
(numerical) simulation to calculate the displacements
at the sensor positions on the domain’s boundary ∂Ω .
The wave equation is discretized with the so-called
rotated staggered-grid finite-difference scheme descri-
bed in Saenger et al. (2000).
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Fig. 4 The three phases of
concrete are used in the
three-dimensional NCM to
model the material behavior
of a 100 × 100 × 100 mm
concrete cube, discretized
with 400 × 400 × 400 grid
points: aggregate (a),
cement matrix (b) and air
voids (c)
3.2.2 Numerical concrete model
For the simulation of elastic wave propagation in con-
crete, the components of Ci jkl need to be approximated
realistically. A numerical concrete model (NCM) is
therefore established. In the NCM three phases are
superimposed: aggregate (Fig. 4a), cement matrix
(Fig. 4b) and air voids (Fig. 4c). The geometries of
the concrete constituents are simplified using basic
shapes such as ellipsoids (aggregate grains) and spheres
(air voids), which are randomly distributed in space
as suggested by Schubert and Schechinger (2002).
More complex approximations for particle shapes
such as presented in Häfner et al. (2006) are not
deemed necessary. This refinement provides little addi-
tional information for the simulation of wave prop-
agation for a governing wavelength of Λ ∼= 4.0 cm
(cp,eff ∼= 4,000 m/s and fc = 100 kHz). The volume
of air voids in concrete is estimated at 1%, and a con-
stant void diameter of 2 mm is conservatively assumed.
Wave velocities cp and cs and the density ρ of each
grain vary within realistic ranges. The aggregate grains
are assumed to have a maximum diameter of 16 mm.
The remaining volume is filled with a homogeneous
cement matrix. The concrete mix matches Fuller’s
curve in Fuller and Thomson (1907). The material
properties used for generating the NCM are summa-
rized in Table 2. The NCM and its associated assump-
tions are verified experimentally and numerically in
Kocur et al. (2010).
3.2.3 Effective elastic properties
Once the numerical model for concrete is estab-
lished, the effective elastic properties (EEP) such
as cp,eff , cs,eff and ρeff are determined following
the dynamic wave propagation method presented by
Saenger (2008). The aim of this approach is to study
the speed of elastic waves in heterogeneous materials,
herein represented by the NCM, in the long wavelength
range. The NCM is embedded between two layers, one
at the top and one at the bottom. A plane body force—
the excitation—is applied to the top of the model. The
source wavelet is the first derivative of a Gaussian with a
central frequency fc = 12.5 kHz and a time increment
Δt = 1.8 × 10−8 s. Two horizontal planes of sensors
are located at the top and bottom of the model, respec-
tively. The time delay of the mean-peak amplitude of
the plane wave that emerges between the top and bot-
tom is used to estimate the effective velocities cp,eff and
cs,eff . The effective density ρeff is determined by aver-
aging the density of all grid points over the volume. For
all numerical simulations the concrete is assumed to be
uncracked. As reported in Kocur et al. (2010), the con-
trast between the acoustic impedances of aggregate and
cement paste is marginal for the governing wavelength
(Λ ∼= 4.0 cm). The air voids have a scattering effect
on the propagating wavefront, which reduces the EEP.
For the numerical simulations, a representative homo-
geneous density and velocity distribution is approxi-
mated by the calculated EEP. The EEP of the presented
NCM are listed in Table 2.
3.3 Inverse simulation
The forward simulation provides time series of the dis-
placements (Fig. 5)
u(k)(t) = u(x(k), t) (4)
at positions x(k) of the sensor locations
S =
{
x(1), x(2), . . . , x(N )
}
⊂ ∂Ω. (5)
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Table 2 Material parameters adopted from Kocur et al. (2010), used to generate the three-dimensional numerical concrete model and
the calculated effective elastic parameters (*)
Property (unit) Aggregate Cement Air voids ∗EEP
cp (
∗cp,eff ) (m/s) 4, 180 ± 210 3,950 0 3,987
cs (
∗cs,eff ) (m/s) 2, 475 ± 125 2,250 0 2,328
ρ (∗ρeff ) (kg/m3) 2, 610 ± 130 2,050 0.0001 2,200
Fig. 5 Definition of the TRM domain
N denotes the number of sensors that are used for
the simulation. The inverse simulation is performed
for velocities cp,eff and cs,eff and the density ρeff ,
which were previously determined in the numeri-
cal forward simulation. The body force fi in Eq. (2)
is set to zero. The recorded displacements
u(k) (t) = [u(k)x (t), u(k)y (t), u(k)z (t)] on the boundary
∂Ω are fed into the domain as excitation sources. For-
mally the inverse displacement field is denoted as
u(k)(t) = u(x(k), T − t) for x ∈ S ⊂ ∂Ω. (6)
3.4 Imaging conditions
The re-emitted wavefields will interfere with each other
for t ∈ [0; T ]. In the later stages of the simulation the
interferences cannot be identified unless imaging con-
ditions are applied. Four imaging conditions are used
to handle this problem: the maximum particle displace-
ment umax (x), the two maximum densities for sepa-
rated P- and S-wave energy parts Ep (x) and Es (x),
and the maximum total energy density Etot (x) (see
Fig. 6). Note that the relation Etot (x) = Ep (x)+Es (x)
is valid for wave propagation in a homogeneous and
unbounded medium in the far field.
3.4.1 Maximum particle displacement
Steiner et al. (2008) introduced the idea of taking only
the maximum absolute value of the particle displace-
ment into account, which is defined as
umax (x) := max
t∈[0;T ]
‖u (x, T − t)‖ . (7)
The maximum particle displacement u for every point
x on Ω of the inverse wavefield is stored for the entire
time t ∈ [0; T ] of modeling.
Fig. 6 Imaging conditions
according to Morse and
Feshbach (1953) for the
far-field term of the
displacement field in a
homogeneous and
unbounded medium
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3.4.2 Maximum energy density
If the inverse wavefield u(x, T − t) is separated into
rotation-free (∇ϕ(x, T − t) = 0) and isochore parts
(∇ × ψ(x, T − t) = 0), then two further imaging con-
ditions can be derived as shown by Morse and Feshbach
(1953) and Steiner et al. (2008): the maximum energy
density of the P-wave
Ep (x) := max
t∈[0;T ] (λ + 2μ) [∇ · u (x, T − t)]
2 (8)
and the S-wave
Es(x) := max
t∈[0;T ]
μ [∇ × u (x, T − t)]2 . (9)
Due to some limitations of these conditions, Saenger
(2011) proposed a more promising imaging condition
of maximum total energy density:
Etot (x) := max
t∈[0;T ]
{σ (x, T − t) ε (x, T − t)} . (10)
The maximum total energy density at any point on
domain Ω is the scalar product of the stress tensor
σi j =σ (x, T −t) and the strain tensor εi j =ε (x, T −t)
for the entire modeling time t ∈ [0; T ] at every point
of domain Ω .
4 Inverse simulation with acoustic emission
4.1 Feasibility study on TRM of acoustic emission
in concrete
4.1.1 Purely numerical excitation
In this section, a feasibility study of TRM applied to
the three-dimensional NCM is carried out. As the AE
equipment at our disposal consists of 8 sensors capable
of recording displacements normal to the surface, the
numerical forward simulation involves N = 8 sensor
locations x(1,...,N ), at which the calculated displace-
ments u(x(1,...,N ), t) normal to ∂Ω are recorded (see
Fig. 5). The excitation signal
h(t) = −2π2 f 2c (t − t0)2e−π
2 f 2c (t−t0)2 (11)
is a Ricker2 wavelet, which is the second derivative of
the Gaussian function expressed in terms of the cen-
tral frequency fc. The numerical forward simulation is
performed with a sampling frequency fs = 10 MHz
for a duration of t = 409.6µs. The Ricker2 wavelet is
induced at 15 grid points distance from Sensor #4. The
NCM is used for the simulation, with a grid spacing
Δh = 0.001 m. A central frequency fc = 100 kHz
and a time increment Δt = 5.0 × 10−9 s are used.
The model with 120 × 118 × 164 grid points (gp) (gp
is equivalent to mm) is implemented with a rotated
staggered-grid scheme as suggested by Saenger et al.
(2000), using the finite difference method. The inverse
simulation is performed for a duration of t = 600µs,
which allows for sufficient interference of the complete
wavefields. After applying the imaging condition from
Eq. (10) and cutting a slice of the scalar energy field at
y = 135 mm, two dominant energy concentrations at
Sensor #4 (Fig. 7a) can be observed.
In general, the localization with TRM works well
for the purely numerical example. The location of
the source can be identified in Fig. 7a. On a critical
note, the energy radiated by the sensors themselves
may interfere with the focus of the source, regard-
less of which imaging conditions in Eqs. (7)–(10) are
applied. This is the case for example if the source is
located too close to a sensor. To eliminate the sensor’s
energy radiation, an intermediate step is suggested by
Witten and Artman (2011). The stored displacements
u(k)(t) = [u(k)x (t)], u(k)(t) = [u(k)y (t)] or u(k)(t) =
[u(k)z (t)] (depending on the orientation of the respec-
tive sensor at the sample surface) are numerically
re-emitted into the system without being reversed in
time. The corresponding scalar energy field, denoted
as Etot (u (x, t)) can be seen in Fig. 7b. Note that to
avoid confusion in the following sections, Etot (x) =
Etot (u (x, T − t)) is used to denote the time-reversed
energy field. The ratio of both scalar fields should the-
oretically exclude energy radiation from the sensors.
The new imaging condition is formally written as
Eˆtot (x) := Etot (u (x, T − t))Etot (u (x, t)) (12)
and referred to as the related maximum total energy
density. In Fig. 7c, the resulting scalar energy field at
y = 135 mm can be seen, where the source is now
readily identifiable. Having demonstrated a success-
ful TRM localization in concrete for a numerical exci-
tation source, in the next section real AE waveforms
from pencil-lead breaks are applied instead of numeri-
cal excitations.
4.1.2 Excitation by pencil-lead break
Three physical experiments are carried out. The cou-
pling of all sensors is tested by breaking a pencil-lead,
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(a) (b) (c)
Fig. 7 Specimen cross-sections at y = 135 mm illustrating
the maximum total energy densities: (a) Etot (u (x, T − t)), (b)
Etot (u (x, t)) and (c) Eˆtot (u (x, t)) = Etot(u(x,T −t))Etot(u(x,t)) . The blue
circles indicate the numerical Ricker2 excitation sources located
15 gp away from Sensor #4 at [x, z, y] = [120, 45, 135]mm. The
green crosses represent the sensor positions
(a) (b) (c) 
Fig. 8 Specimen cross-sections illustrating the related maxi-
mum total energy density Eˆtot (x) at: (a) y = 68 mm, (b) y =
95 mm and (c) y =71 mm. Dominant energy concentrations due
to the three pencil-lead breaks located close to Sensors #3, #6 and
#7 can be seen. The blue dashed circles indicate the position of
the AE sources. The green crosses represent the sensor positions
also known as the Hsu–Nielsen source (Grosse and
Ohtsu 2008), at a distance of approx. 10 mm from
the respective sensor. Each break provides a set of
transient signals, which can be used as input for the
inverse simulation. The normal displacements recorded
by the piezoelectric sensors at the sample surface by the
piezoelectric sensors are stored, time reversed and
numerically re-emitted into the system. The previously
determined EEP of concrete are used for the numeri-
cal model of the inverse simulation. The duration times
of the recorded AE and of the inverse simulation are
identical to those used in the purely numerical example.
The adopted numerical setup is also the same as that
described in Sect. 4.1.1. The determined related maxi-
mum total energy density, can be seen in Fig. 8a–c. AE
sources (dashed circles) can be identified close to the
respective sensors, although some artifacts are still vis-
ible. These promising results indicate that TRM can be
used for localizing AE sources due to concrete crack-
ing, which is the main aim of this research.
4.2 Application of TRM to acoustic emissions
due to concrete cracking
Acoustic emissions that were recorded during the dou-
ble punch test are used as input signals for the inverse
simulation. The adopted numerical setup is the same as
for the TRM with pencil-lead breaks AE. The results are
presented for the four selected AE sets with comparable
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Fig. 9 The related maximum total energy density Eˆtot (x) at
y = 41 mm is superposed with the threshold-segmented crack
volume of the test specimen (x × z × y = 120 × 118 × 160 mm)
after failure. The dominant energy concentrations along the inter-
section area between the cross-section and threshold-segmented
crack indicate the TRM-localized AE due to concrete cracking
input signals, denoted TR_75, TR_82, TR_84 and
TR_180, respectively. Fig. 9 shows the related maxi-
mum total energy density Eˆtot (x) resulting from AE set
TR_180 for one cross-section that is superposed with
the threshold-segmented three-dimensional crack vol-
ume of the failed specimen. Note that the four localized
AE occurred during crack formation and not in the final
stage. After the specimen splits into two parts during the
test, almost no energy can be transmitted from one part
to the other. From that point onwards, the TRM proce-
dure may no longer be effective. However, in this case
the dominant concentration of energy located near the
crack indicates a plausible result. It should be noted that
the time-reversed AE sets contain some low frequency
components (0–50 kHz), which are caused by the sen-
sors’ internal resonance. However, the TRM is used
successfully to localize the AE sources. The localized
sources of TR_75-180, visible as radiation patterns, are
compared to the definite crack distribution from X-ray
computed tomography.
The cross-sections presented in Fig. 10a–c exhibit
energy concentrations of similar quality. It is interest-
ing to note that in Fig. 10a two sources can be identified.
This is not necessarily a conflict, as it is possible that
two AE are released almost simultaneously. Hence, the
information of two sources may be contained in one
set of recorded displacements. Saenger (2011) demon-
strated numerically that two random sources excited at
the same time in a three-dimensional, heterogeneous
medium can be successfully localized.
5 Conclusion and outlook
It is demonstrated with numerical and experimen-
tal feasibility studies that the three-dimensional TRM
localization performs well for AE released due to con-
crete cracking. Therefore, from now on TRM can be
considered a reliable localization tool in signal-based
(a) (b) (c)
Fig. 10 Specimen cross-sections illustrating the related maxi-
mum total energy density Eˆtot (x) displayed for acoustic emis-
sion sets: (a) TR_75 at y = 43 mm, (b) TR_82 at y = 110 mm
and (c) TR_84 at y = 25 mm. The scalar energy field is super-
posed with the threshold-segmented crack of the test speci-
men after failure. The location of the sources in (a)–(c), visi-
ble as energy concentrations, agree well with the crack location
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AE analysis. The dominant concentrations of energy
can be well identified, and only a few energy artifacts
remain. Further research should focus on the elimina-
tion of these artifacts, for example by normalization
of signals to provide AE sets of similar energy lev-
els. The instrument response of the sensors needs to
be determined, and the recorded AE signals have to be
deconvolved for an optimal application of the TRM. In
the current study, the TRM localization was performed
for a single set of AE signals. In commonly used AE
measurements, thousands of AE sets are recorded. It is
essential to automate the TRM procedure for an arbi-
trary number of AE sets. The three-dimensional local-
ization of AE in concrete specimens can be performed
successfully. Applying this method to reinforced con-
crete members such as beams or slabs is the next logi-
cal step. From a theoretical point of view time reverse
modeling can be applied to all kinds of elastic materials
(as long as the elastodynamic wave equation is valid).
Therefore, this approach can also be used for mate-
rials other than concrete such as rock or other brittle
(or quasi-brittle) and crystalline materials not presented
here. However, this method is not necessarily suitable
for materials with a high content of air voids, as there
may be no energy transmission between neighboring
particles. An optimal setup has to be determined for
each specific material.
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